Under certain conditions, the prion protein (PrP) undergoes a conformational change from the normal cellular isoform, PrP C , to PrP Sc , an infectious isoform capable of causing neurodegenerative diseases in many mammals. Conversion can be triggered by low pH, and in vivo this appears to take place in an endocytic pathway and͞or caveolae-like domains. It has thus far been impossible to characterize the conformational change at high resolution by experimental methods. Therefore, to investigate the effect of acidic pH on PrP conformation, we have performed 10-ns molecular dynamics simulations of PrP C in water at neutral and low pH. The core of the protein is well maintained at neutral pH. At low pH, however, the protein is more dynamic, and the sheet-like structure increases both by lengthening of the native ␤-sheet and by addition of a portion of the N terminus to widen the sheet by another two strands. The side chain of Met-129, a polymorphic codon in humans associated with variant Creutzfeldt-Jakob disease, pulls the N terminus into the sheet. Neutralization of Asp-178 at low pH removes interactions that inhibit conversion, which is consistent with the Asp-178 -Asn mutation causing human prion diseases.
Under certain conditions, the prion protein (PrP) undergoes a conformational change from the normal cellular isoform, PrP C , to PrP Sc , an infectious isoform capable of causing neurodegenerative diseases in many mammals. Conversion can be triggered by low pH, and in vivo this appears to take place in an endocytic pathway and͞or caveolae-like domains. It has thus far been impossible to characterize the conformational change at high resolution by experimental methods. Therefore, to investigate the effect of acidic pH on PrP conformation, we have performed 10-ns molecular dynamics simulations of PrP C in water at neutral and low pH. The core of the protein is well maintained at neutral pH. At low pH, however, the protein is more dynamic, and the sheet-like structure increases both by lengthening of the native ␤-sheet and by addition of a portion of the N terminus to widen the sheet by another two strands. The side chain of Met-129, a polymorphic codon in humans associated with variant Creutzfeldt-Jakob disease, pulls the N terminus into the sheet. Neutralization of Asp-178 at low pH removes interactions that inhibit conversion, which is consistent with the Asp-178 -Asn mutation causing human prion diseases. P rP C is a glycosylated, glycosylphosphatidylinositol-anchored component of the extracellular surface of neurons that appears to play a role in signal transduction (1) . PrP Sc , the misfolded isoform, is a ␤-sheet-rich, protease-resistant protein that causes fatal neurodegenerative diseases of the central nervous system in humans and other mammals (2, 3) . Clinically, these diseases can exhibit sporadic, inherited, or infectious presentations. Neuropathologically, spongiform degeneration with astrocytic gliosis and extracellular deposits rich in the prion protein (PrP) are observed (4) . Inherited disease maps exclusively to mutations in the PrP. Infectious disease is transmitted by PrP Sc , which is chemically indistinguishable from PrP C (5); however, their secondary, tertiary, and quaternary structures differ (6) (7) (8) (9) (10) . PrP C is monomeric, whereas PrP Sc adopts a multimeric arrangement. Fourier transform infrared and CD spectroscopy studies indicate that PrP C is highly helical (42%), with little ␤-sheet structure (3%) (8) . In contrast, PrP Sc contains a large amount of ␤-structure (43%) and less helical structure (30%). These results and others suggest that a conversion of ␣-helices to ␤-sheets is an essential feature in the formation of PrP Sc from PrP C . Recombinant forms of human and murine PrP C undergo a pH-dependent conformational change in the region of pH 4.4-6, with a loss of helix and gain of ␤-structure (11, 12) . In vivo, conversion of PrP C 3 PrP Sc is a posttranslational process that appears to occur in an endocytic pathway (7, 13, 14) . Caveolaelike domains have also been implicated in the conversion of wild-type protein (15, 16) , and they appear to be acidic (17) . Lower pH accelerates conversion in a cell-free conversion assay (10) . Thus low pH may play a role in facilitating the conformational change that ultimately results in PrP Sc formation.
Recent advances in NMR studies of recombinant nonglycosylated fragments of the PrP have produced several structures. The available mouse (18) , hamster (19, 20) , and human PrP structures (21) are very similar, as would be expected for sequences exhibiting Ͼ90% homology. They contain a Cterminal domain (residues 90 -231) with three well-resolved helices and a short two-stranded ␤-sheet and an unstructured N-terminal region (residues 23-90), which becomes more structured with the addition of Cu(II) (22, 23) or a membrane environment (24) . One obvious difference between the hamster, mouse, and human fragments is the N-terminal hydrophobic globule observed by James et al. in the 90 -124 region of the hamster protein fragment containing residues 90 -231 (19) . This region is particularly interesting because mutations and transgenic studies implicate it in the conversion of PrP (26, 27 ). These studies demonstrate the plasticity of the N-terminal region of the PrP, at least in the absence of Cu 2ϩ . Characterization of the conformational properties of proteins at the atomic level by experimental means is challenging and becomes particularly difficult with a process like the conversion of PrP C 3 PrP Sc , which is associated with a substantial conformational change and is accompanied by multimerization. As a result, we use molecular dynamics simulations to complement and extend experiment by simulating PrP C above and below a pH that triggers conformational changes. Molecular dynamics has become a common technique for simulating the motion of peptides and proteins. The NMR structures offer a great deal of information, and theoretical studies using these structures can provide insight into the conformational f lexibility of PrP C and the impact of changes in pH upon these conformations. In addition, it is not possible experimentally to determine the mechanism of conversion at high resolution. Two short molecular dynamics simulation studies of PrP C at neutral pH have been reported recently (28, 29) . Here we present 10-ns simulations of PrP C at neutral and low pH and evaluate the connection between low pH and increases in ␤-structure.
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Methods
Molecular dynamics simulations beginning with the Syrian hamster NMR structure [1B10, James et al. (19) , structure #4, residues 109-219, which includes residues implicated in the conformational transition to scrapie] were performed at low (Asp, Glu, and His residues protonated) and neutral͞high (above the pKa of His, His neutral) pH in a water box for 10 ns each at 25°C. The solvation shell extended at least 10 Å from any protein atom, resulting in the addition of approximately 6,500 waters. The disulfide bond was left intact, as evidence points to its remaining oxidized in authentic PrP Sc and being necessary for infectivity (30, 31) . The simulations were performed with the program ENCAD (32) . The protocols and force field have been described (33, 34) . A 10-Å force-shifted nonbonded cutoff was used (33) . The nonbonded list was updated every two steps. The simulations were performed on Dec EV6 processors. Structures were saved every 0.2 ps for analysis, resulting in 50,000 structures at each pH.
Results and Discussion
From experiment, we expect that PrP C will be stable at neutral pH and will undergo a conformational change at low pH. To address this, simulations were performed, beginning with the hamster NMR structure (residues 109-219) immersed in a box of water molecules. The C␣ rms deviations for the neutral pH simulation do indeed remain relatively low (2.1 Ϯ 0.1 Å from 5-10 ns), whereas the structure deviates more dramatically at low pH (4.7 Ϯ 0.3 Å, 5-10 ns) (Fig. 1a) . The heightened mobility of the N-terminal region is evident in the C␣ rms fluctuations about the mean structure over the last 2.5 ns of each simulation (Fig.  1b) . At neutral pH, the fluctuations about the secondary structure are low, and the only high values correspond to the N terminus (residues 109-127) and the loop between helix B and helix C. The low, and quite normal, mobility of the structured part of the molecule is in agreement with hydrogen exchange studies of the human protein (35) and NMR relaxation studies (26, 27) . In contrast, high mobility is observed throughout the sequence at low pH, and both the motion and deviations from the starting structure for residues 109-175 [including the N terminus, strand 1 (S1), helix A (HA), and strand 2 (S2)] are striking (Fig. 1b) . Various snapshots spanning the two simulations are overlaid in Fig. 1c to illustrate the nature and extent of the motion.
Examination of structures as a function of time indicates that at neutral pH the protein mostly fluctuates about a mean structure that is very similar to the starting structure (Fig. 1c) . Interestingly, a short broken helix forms in the unstructured N terminus between residues 110-113 and 117-118 at neutral pH. In contrast, at low pH there are motions spanning many angstroms for residues 109-175 (the front of the protein as depicted in Fig. 2 ), but the C-terminal helices (helix B and helix C) are stable. The S1 and S2 strands constitute a very short ␤-sheet in the starting structure (four residues each). However, in the simulation at low pH, both strands elongate to lengthen the sheet. Furthermore, the neighboring unstructured residues (first residues 120-124 and later 110-113) move into the sheet via hydrophobic contacts between side chains (Fig. 2) . These changes result in growth of the sheet in both length and width and an increase in the exposure of nonpolar residues (Fig. 2) . Residues 121-124 are interesting because they are consistently predicted to form ␤-structures (36) and the sheet propagated in this region. However, the extended structure is distorted and dynamic and lacks some of the precise packing and hydrogen bonds one would expect in well-behaved ␤-structures.
In addition, HA and its preceding loop moved by approximately 10-15 Å over the course of the simulation to bring HA into closer proximity to the helix scaffold (Fig. 2) . HA experienced some loss of helix at its C terminus to accommodate the movement, and the unfolding of the helix continues over time. The loop appears as if it is moving up to join S2, particularly residues 135-137, which adopt a ␤-structure (Fig. 2) . The shift from helical and turn structures to more extended strands at low pH is illustrated by the distances between the C␣ atoms of residue i 3 i ϩ 3 (Fig. 3) . By 10 ns, five strands form a loosely packed sheet. Interestingly, the short strand comprising residues 137-139 moves 10 Å, and its side chains contact those of S2 (for The main chain folds every 0.5 ns over the 10-ns simulations at neutral and low pH. The protein is dynamic, particularly in the turns and loop regions, but the overall structure is well maintained at neutral pH. In contrast, at low pH conformational transitions and fluidity span almost the entire sequence but are particularly prominent at the N terminus and HA.
example at 4 ns; Fig. 2 ). But these interactions are not strong enough to hold the strand down, and it swings toward and away from the rest of the sheet throughout the simulation. Further consolidation of the structure may occur with time. Alternatively, it is possible that the precise ␤-structure is only obtained upon binding to a PrP Sc molecule, as binding and conversion appear to be separable events (37) .
Acid-induced unfolding intermediates have been observed by Swietnicki et al. (11) for a human fragment of residues 90-231. They assumed that the bulk of the change involved residues 90-127. However, Hornemann and Glockshuber (12) have also observed an unfolding intermediate of PrP (121-231) . So, although the most dramatic changes in the low pH simulation occurred in residues 109-120, the other changes involving residues 135-150 (Fig. 1c) are also supported by experiment. The importance of the N-terminal region to conversion is consistent with studies by Peretz et al. (38) characterizing the antigenic surfaces of PrP C and PrP Sc . They found that residues 90-120 are antigenically accessible in PrP C but are encrypted in PrP Sc . In contrast, residues 220-231 are exposed in both isoforms. Residues in the midregion of the protein show intermediate behavior.
A mini-prion can be constructed that contains only residues 89-140 and 177-231, suggesting that one of these two regions is critical to the conformational change but that residues 141-176 are dispensable (39, 40) . Moreover, a peptide containing residues 90-144 carrying the P101L mutation folds into a ␤-rich structure that can cause a prion disease in transgenic mice (41) . Because PrP(121-231) is not scrapie competent, residues 90-120 must be of paramount importance.
Why does PrP C have the potential to undergo this conversion? There are several features that mark the region around S1, S2, and residues 109-127 as potential sites for conversion to ␤-structure. In the dynamics simulations and NMR studies, residues 109-127 are conformationally heterogeneous and are able to adopt helical, disordered, and more extended conformations. Many residues in this region and around the native ␤-sheet are already extended in PrP C but are not actually participating in secondary structural contacts (for example, residues 120-129, 131-144, 155-161, 165, 166). Furthermore, residues 121-124 and 136-141 have the propensity to form ␤-structure (36). The short existing ␤-sheet is in close proximity to these residues and appears to serve as a structural nucleus for the formation of new, and propagation of existing, ␤-like structure (Figs. 2 and 4) . In particular, Met-129, which is in S1, rotates away from the ␤-sheet and pulls the N terminus toward the sheet via interactions with Val-122 (Fig. 4) . These interactions remove Val-122 from between the strands and position it out of the hydrogen-bonding plane of the nascent sheet. The native sheet remains intact during this process, but the distance between the N-terminal segment and S1 decreases by Ͼ6 Å (Fig. 4) . The packing interactions between S1 and S2 also improve, especially between Tyr-128 and Tyr-162, as a result of adding another strand (Fig.  4) . This process is an example of tertiary interactions between side chains nucleating secondary structure formation, as has been observed for helix formation in barnase (42) . The involvement of Met-129 is interesting because it is a polymorphic site in humans and is associated with variant Creutzfeldt-Jakob disease (3). Why are conformational changes facilitated at low pH? Only the protonation states of ionizable residues are altered to define pH in the simulations, without changes in the solvent. To address the role of low pH, the interactions involving the Glu, Asp, and His residues were evaluated in the two simulations. In the neutral pH simulation, Asp-178 forms a chargestabilized hydrogen bond with Tyr-128 (Fig. 5) . However, when this Asp is protonated at low pH, the interaction is broken and Tyr-128 is free to move toward the center of the sheet (Figs. 4 and 5) . The first slight movements of the Tyr disrupt its packing with Leu-125, which is initially positioned between the N-terminal segment and the sheet, thereby discouraging addition of the N terminus to the ␤-sheet. The involvement of Asp-178 is interesting because its mutation to Asn causes fatal familial insomnia or Creutzfeldt-Jakob disease, depending upon whether codon 129 is Met or Val (3). Thus, the neutralization of Asp-178 by mutation to Asn or by protonation appears to favor conversion to PrP Sc .
The results of the molecular dynamics simulation at low pH suggest that this approach can provide insight into the early steps in the conversion of the helix-rich state of PrP C to PrP Sc , a conformer with increased ␤-content and diminished helical structure. Various interactions have been described that facilitate or contribute to the changes in conformation, but given the distribution throughout the structure of mutations that cause human disease, we expect that there will also be other specific mechanisms that lead to the same outcome. The simulation of the isolated monomer reflects the tendency of the N-terminal portion of the sequence to convert to ␤-like structure, but the structure is still far from an idealized ␤-sheet structure and may Fig. 3 . Histogram of the C ␣ (i) 3 C ␣ (i ϩ 3) distances for residues 109 -172 (i.e., excluding helix B and helix C) from 4 to 10 ns at low and neutral pH. The helical peak drops at low pH, and the amount of extended structure increases. require intermolecular interactions with another molecule to obtain further consolidation of the sheet. As such, the simulations may be capturing the early steps in the pH-catalyzed transformation to PrP*, an intermediate en route to PrP Sc . With a detailed model of PrP Sc , or an intermediate along the pathway to PrP Sc , we will be in a position to investigate possible binding interactions between PrP C and PrP Sc , to build testable models of PrP Sc aggregates, and to continue structure-based drug design studies (43) .
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